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Abstract The bigeye thresher (Alopias supercilious)
is occasionally caught as bycatch in pelagic longline
fisheries targeting tunas and swordfish. Still, it is one
of the least known and studied of all pelagic sharks,
which hinders assessment of the status of its popula-
tions. As part of an ongoing cooperative program for
fisheries and biological data collection, information
collected by fishery observers and through scientific
projects from several nations that undertake fishing
activities in the Atlantic (Japan, Portugal, Spain,
Taiwan, Uruguay and US) was compiled and ana-
lyzed. Datasets include information on location, size,
sex and, in some cases, maturity stage. A total of 5590
bigeye thresher records collected between 1992 and
2013 were compiled, with sizes ranging from 70 to
305 cm fork length (FL). Considerable variability was
observed in size, with tropical regions recording a
smaller mean size compared to other regions. The
distribution of juvenile and adult specimens also
showed considerable variability, and the sex ratios
varied between regions and size classes. Median sizes
at maturity were estimated at 208.6 cm FL for females
and 159.2 cm FL for males. Pregnant females were
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recorded in the tropical northeast and southwest
Atlantic, with these regions possibly serving as
nursery areas. The biological and distributional pat-
terns presented in this study provide a better under-
standing of different aspects of this species in the
Atlantic, which can help managers adopt more
informed and efficient conservation measures.
Keywords Alopiidae  Pelagic sharks  Seasonality 
Sex ratios  Size distribution  Spatial distribution
Introduction
The bigeye thresher (Alopias superciliosus) is a large
epipelagic and mesopelagic species, occurring cir-
cumglobally in tropical and subtropical waters of the
Atlantic, Indian and Pacific Oceans (Compagno 2001).
Together with two other species, it belongs to the
Alopiidae family (sea foxes) and Lamniformes order,
and is characterized by having a remarkably long
caudal fin. Thresher sharks have an aplacental
viviparous reproductive mode with oophagy, charac-
terized by the developing embryos being nourished by
yolk-filled egg capsules that are continuously pro-
duced and deposited in the uteri (Gruber and Com-
pagno 1981; Moreno and Moro´n 1992; Gilmore 1993;
Conrath 2004). Similarly to the common thresher
(Alopias vulpinus) and pelagic thresher (Alopias
pelagicus), the litter size of the bigeye thresher is
commonly two (rarely four) pups, though they grow
more slowly and reach maturity at a later age than the
other threshers (Moreno and Moro´n 1992; Mancini
and Amorim 2006; Romero-Caicedo 2007; Smith
et al. 2008a). In addition, though the bigeye thresher
typically occurs in temperate and tropical waters, they
can endure colder water and remain longer at deeper
waters than many other pelagic sharks (Gruber and
Compagno 1981; Smith et al. 2008a; IPMA, unpub-
lished data).
Open ocean sharks are one of the least-studied
groups of large vertebrates, as the study of wide-
ranging and highly migratory fishes that spend most of
their lives far from land poses particular difficulties
(Pikitch et al. 2008). In the last decade, knowledge on
the biology, life history, migrations, behavior and
environmental preferences of these species has im-
proved (Pikitch et al. 2008). However, more research
is needed for a better assessment of the impact of
fisheries on populations and to facilitate effective
management plans for these highly migratory shark
species (Camhi et al. 2008a; ICCAT 2013). Due to the
shortage of long time series of information (e.g.
catches, fishing effort, changes in abundance) on most
pelagic shark populations to conduct stock assess-
ments, demographic models are often chosen to
provide initial information and prioritize species for
research (Simpfendorfer 2004). Demographic models
rely primarily on life history parameters (i.e. age of
sexual maturity, litter size, maximum reproductive
age, instantaneous rate of natural mortality); thus
obtaining this type of biological data is essential to
estimate species vulnerability in ecological risk
assessments (ERAs) or for conducting fisheries stock
assessments (Camhi et al. 2008b; Corte´s et al. 2010).
Despite being caught as bycatch in several pelagic
fisheries, little biological information is available for
the bigeye thresher in the Atlantic Ocean, probably
because of their relatively low occurrence in surface
longline catches (Mejuto and Garce´s 1984; Mejuto
1985; Castro et al. 2000; Berrondo et al. 2007; Mejuto
et al. 2009), estimated at ca. 0.2 % of the total shark
bycatch (Mejuto et al. 2009). Some reproductive
parameters have been reported for the Atlantic (Still-
well and Casey 1976; Gruber and Compagno 1981;
Moreno and Moro´n 1992; Gilmore 1993; Amorim
et al. 1998) in general using small datasets. The only
extensive reproductive study available for the species
is from the Northwest Pacific Ocean (Chen et al.
1997).
When reviewing the demography of pelagic shark
species, several authors ranked the bigeye thresher
among the least productive species, highlighting its
vulnerability to fisheries impacts (Chen and Yuan
2006; Corte´s 2008; Smith et al. 2008b). In addition, an
ERA of pelagic sharks caught in Atlantic pelagic
longlines placed the bigeye thresher at high risk,
highlighting the urgent need for better basic biological
information on this species (Corte´s et al. 2010). Some
countries, at the national level first, and more recently
under the purview of the International Commission for
the Conservation of Atlantic Tunas (ICCAT), which is
responsible for the management of this species in the
Atlantic, have prohibited the retention and sale of
bigeye thresher sharks caught in the fisheries they
manage. Further, it is recommended to release live
specimens when accidentally captured, and there are
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requirements that both incidental catches and live
releases be recorded in accordance with ICCAT data
reporting requirements (ICCAT Recommendation
2009/07). Other tuna Regional Fisheries Management
Organizations (tRFMOs), such as the Indian Ocean
Tuna Commission (IOTC), have similar management
measures for this species (IOTC Resolution 12/09).
Despite this, as shown by Coelho et al. (2012), the
hooking mortality of bigeye threshers seems to be high
(ca. 51 %) in some pelagic surface longline fisheries,
and simply releasing the caught specimens may not be
an adequate conservation strategy, as the majority of
animals are captured and discarded already dead.
However, it is possible that this high at-haulback
hooking mortality is caused by other factors, such as
fishing procedures and gear configuration, including
length and material of branch line, main line, and
shortening ratios (Mizuno et al. 1998). The Interna-
tional Union for the Conservation of Nature (IUCN)
Shark Specialist Group classifies the bigeye thresher
as ‘‘Vulnerable’’ globally according to the IUCN Red
List Criteria and ‘‘Endangered’’ in the Northwest
Atlantic and Western central Atlantic (Amorim et al.
2009).
To improve the limited information available for
this species in the Atlantic, the main objectives of this
study were to provide information on the distributional
patterns of the bigeye thresher caught by pelagic
longlines targeting mainly tunas or swordfish in the
Atlantic Ocean. This was particularly in terms of sizes,
sex ratios and proportions of juvenile and adult
specimens, as well as median size at maturity and
litter size. These results can be used to better evaluate
the status and manage this species in the Atlantic
Ocean.
Materials and methods
Data collection
Bigeye thresher observations were made within the
scope of national observer programs or scientific
projects. Fishery observers from IPMA (Portuguese
Institute for the Ocean and Atmosphere), NOAA/
NMFS (National Marine Fisheries Service), DINARA
(Direccio´n Nacional de Recursos Acua´ticos), NRIFSF
(National Research Institute of Far Seas Fisheries),
Taiwan Fisheries Agency, and scientific projects of
IEO (Instituto Espan˜ol de Oceanografı´a) collected the
data onboard Portuguese, US, Uruguayan, Japanese,
Taiwanese and Spanish commercial longline vessels,
respectively, targeting tunas or swordfish in the
Atlantic Ocean. Data on bigeye thresher sizes by sex
were available starting in 1992 for the US, 1993 for
Spain, 1997 for Japan, 2003 for Portugal and Uruguay,
and 2004 for Taiwan. US and Uruguayan data were
available up to 2010, Portuguese, Japanese and
Taiwanese data up to 2012, and Spanish data up to
2013. The spatial effort distribution for these fleets
was expressed as the total number of hooks in 5 9 5
resolution grids using the ICCAT effort distribution
(EffDIS) database (Palma and Gallego 2010). Only the
years for which bigeye thresher data were available for
each fleet were considered, noting that the current
ICCAT EffDIS database only has data until 2009.
Data were collected across a wide geographical
range. For analysis purposes, the two hemispheres
were separated based on the 5N parallel, as recom-
mended in the ICCAT Manual for shark species
(ICCAT 2006–2009). Furthermore, the region was
divided into six major areas taking into consideration
not only the ICCAT sampling areas for sharks (ICCAT
2006–2009), but also the areas of operation and fishing
grounds of these pelagic longline fleets in the Atlantic
Ocean. These areas were assigned as follows: North-
west—north of 24N and west of 40W; Northeast—
north of 24N and east of 40W; Tropical North—
between 5N and 24N; Equatorial—between 5N and
5S; Southwest—south of 5S and west of 20W;
Southeast—south of 5S and east of 20W (Fig. 1).
For animals caught, fishery observers recorded data
on specimen size, sex, capture location and date.
Additionally, in the Portuguese program, maturity
stage was also assessed and recorded whenever a dead
specimen was captured while retrieving the longline,
and in the Spanish, Portuguese and Uruguayan fleets
observers recorded, when possible, the presence of
pregnant females and characteristics of the embryos.
Fork length (FL) was measured in all cases, except in
the Japanese and Taiwanese programs, where precau-
dal length and total length (TL), respectively, were
measured. In these cases, sizes were converted to fork
length (FL) using the equations proposed by Liu et al.
(1998). For the Portuguese Program the size of the
claspers of males was measured and the maturity stage
determined qualitatively, whenever possible. Speci-
mens were classified as mature and immature based on
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the scale proposed by Stehmann (2002): for males,
stages 1 (immature) and 2 (maturing) were considered
immature while stages 3 (mature) and 4 (active) were
considered mature. For females, stages 1 (immature)
and 2 (maturing) were considered immature, while
stages 3 (mature), 4 (developing), 5 (differentiating), 6
(expecting) and 7 (post-natal/resting) were considered
mature (see table in Online Resource 1).
Data analysis
Size data were tested for normality with Kolmogorov–
Smirnov normality tests with the Lilliefors correction
(Lilliefors 1967), and for homogeneity of variances
with Levene tests (Levene 1960). Given the lack of
normality of data and homogeneity of variances even
after transforming the data with square-root and log
functions, specimen sizes were compared among
regions, sexes and quarters of the year using non-
parametric Kruskal–Wallis tests, and k-sample per-
mutation tests using the permutational central limit
theorem (Manly 2007). In the cases for which
statistical differences were detected, multiple pairwise
comparison tests were carried out to detect between
which categories the differences were significant
(Siegel and Castellan 1988).
Sex ratios were calculated and compared between
regions with contingency tables and Pearson’s Chi-
squared tests. Sex ratios were also compared between
the seasons of the year and size classes (categorized
with the 20th percentiles of the data) taking into
account the various regions, using Cochran–Mantel–
Haenszel (CMH) Chi-squared tests (Cochran 1954).
This test allows detecting seasonality of size-related
effects in the sex ratios conditional to each of the
regions analyzed.
Maturity ogives were developed to estimate the
median size at maturity (L50), or length at which 50 %
of the sharks were mature, with the maturity stage data
from the Portuguese observer program. For each sex,
parameters, standard errors, and 95 % confidence
intervals (CIs) were estimated. The maturity ogives
were fitted by non-linear least-squares (NLS) regres-
sion, using the equation:
Fig. 1 Location and sizes
(fork length, FL in cm) of
bigeye thresher (Alopias
superciliosus) recorded in
the six sampling regions of
this study. The gray scale of
the dots represents specimen
sizes, with darker colors
representing smaller
specimens and lighter colors
larger specimens. The
categorization of size
classes for the map was
carried out using the 20th
percentiles of the size data.
The location of pregnant
females recorded by the
Spanish, Portuguese and
Uruguayan fleets during this
study is represented with
diamond symbols
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PLi ¼ 1
1þ ebðLiL50Þ
where PLi is the proportion of mature individuals in
size class Li (using 5 cm FL size classes), b is the slope
and L50 is the size at which 50 % of individuals
mature. Maturity ogives were fitted for each sex
separately and L50 estimates were compared between
sexes by analyzing overlaps in the 95 % CIs.
The relationship between fork length (FL) and
clasper length (CL) was also analyzed using a linear
regression model. In addition, a segmented regression
model (SRM) was used to estimate the transition
points and slopes in the regression between fork length
and clasper length. These breakpoints have been
defined to identify the three FL intervals with different
slopes that represent the three maturity stages of male
elasmobranchs: ‘‘immature’’, ‘‘maturing’’ and ‘‘ma-
ture’’ (Segura et al. 2013). Thus, the breakpoints are
defined as the values of the explanatory variable (FL)
at which the changes in slope occur (Muggeo 2003).
Standard errors were calculated for all the estimated
parameters and the coefficients of determination were
calculated to test the goodness-of-fit. Furthermore, to
assess model adequacy to the data, the Akaike
information criterion value (AIC, Akaike 1973) was
calculated for both models (linear regression and
SRM).
A logistic-binomial generalized linear model
(GLM) was specified to determine the influence of
each region, sex and quarter of the year on the odds-
ratios of capturing juvenile specimens, considering the
estimated median sizes-at-maturity. The significance
of the model parameters was tested with Wald
statistics and likelihood ratio tests comparing nested
models. Model goodness-of-fit was assessed with the
Nagelkerke coefficient of determination (R2, Nagelk-
erke 1991). The discriminative capacity of the models
was determined by the area under the curve (AUC) of
the receiver operating characteristic curves (Fawcett
2006), with the calculation of the model sensitivity
(capacity to correctly detect the event, in this case
defined as the capture of juveniles) and model
specificity (capacity to correctly exclude the non-
events, in this case the capture of adults). Cross
validation was carried out using a k-fold cross
validation procedure (with k = 10) to estimate the
expected level of fit of the models to new data, and to
assess eventual over-fitting problems (Fushiki 2011).
Because the models in this study are binomial, the
cross validation procedure was used to estimate the
misclassification error rate. The odds-ratios of the
parameters, with their respective 90 % CIs, were
calculated and used for model interpretation. The
equatorial region and quarter 1 were used as the
baseline parameters, and the odds-ratios calculated
comparatively for the other regions and quarters of the
year, taking into account their interaction effects.
Analysis for this paper was carried out using the R
language for statistical computing (R Core Team
2013). Besides the R core program functions, some
additional libraries were used, specifically ‘‘segment-
ed’’ for the SRM models (Muggeo 2003), ‘‘gmodels’’
for the contingency table analysis (Warnes et al.
2012), ‘‘ggplot2’’ for the graphical analysis (Wickham
2009), and ‘‘maps’’ (Becker et al. 2013), ‘‘maptools’’
(Bivand and Lewin-Koh 2013) and ‘‘mapplots’’ (Ger-
ritsen 2013) for the maps.
Results
Size distribution
A total of 5590 bigeye thresher specimens were
recorded within the scope of this study (2547 from the
Spanish fleet, 1219 from the Taiwanese fleet, 1211
from Portuguese fleet, 426 from the US fleet, 134 from
the Japanese fleet and 53 from the Uruguayan fleet).
The specimens ranged in size from 70 to 305 cm FL
(70–300 cm FL for females and 75–305 cm FL for
males), covering most of the known size range of the
species. The sample was composed mostly of speci-
mens captured in the tropical north (38.9 %) and
southeast regions (36.4 %), followed by 9.1 % in the
northwest, 9.1 % in the equatorial, 4.0 % in the
northeast and 2.5 % in the southwest regions (Fig. 1).
The spatial distribution of the effort of these fleets
during the years for which data were available also
covered a wide geographical area over the entire
Atlantic Ocean. However, some areas had more effort,
specifically along the temperate, tropical and equato-
rial eastern Atlantic, and also in some areas of the
northwest Atlantic (see figure in Online Resource 2).
Considerable variability was observed in the size
distribution of males and females among the Atlantic
regions. The larger-sized specimens tended to be
captured mainly in the higher latitudes, predominantly
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in the northwest and southwest Atlantic, while smaller
specimens tended to be captured mainly in the tropical
north and northeast areas (Fig. 2). It was also
noteworthy that a very low prevalence of the smaller
sized specimens (\150 cm FL) was recorded in all
regions (Fig. 2). These regional trends tended to be
common for both males and females, even though
some differences between sexes were detected. In
general, in the higher northern and southern latitudes
males tended to be larger than females in the eastern
Fig. 2 Length-frequency distributions of male and female bigeye thresher (A. superciliosus) caught in six sampling regions of the
Atlantic Ocean
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regions (northeast and southeast), while females
tended to be larger in the western regions (southwest
and northwest) (Fig. 2). In the equatorial area and
tropical north, males also tended to be larger than
females (Fig. 2).
Seasonality also seemed to influence the size of
captured bigeye threshers. In the northern regions an
opposite trend was observed when comparing the
northwest and northeast, with sizes tending to increase
throughout the year in the northwest and decrease in
the northeast, both with similar size ranges except for
the 4th quarter in the northeast where the sizes were
much smaller (Fig. 3). In the southeast and southwest
regions smaller specimens were caught in the 2nd and
3rd quarters and larger ones in the 1st and 4th quarters
(Fig. 3). In the tropical north the sizes were much
smaller and tended to be relatively similar along the
year (with even smaller sizes in the 3rd quarter), while
in the equatorial region there was a tendency for
increasing sizes along the year (Fig. 3).
Size data were not normally distributed (Lilliefors
test: D = 0.042, p value\0.001) and the variances
were heterogeneous between regions (Levene test:
F = 15.01, df = 5, p value \0.001) and quarters
(Levene test: F = 24.71, df = 3, p value\0.001), and
homogeneous between sexes (Levene test: F = 0.61,
df = 1, p value = 0.4358). Using univariate non-
parametric statistical tests revealed that sizes were
significantly different between regions (K–W: Chi-
squared = 333.98, df = 5, p value\0.001; permuta-
tion test: Chi-squared = 334.14, df = 5, p value
\0.001) and between sexes (K–W: Chi-
squared = 23.86, df = 1, p value\0.001; permuta-
tion test: Chi-squared = 13.46, df = 1, p value
\0.001), but not between quarters of the year (K–
W: Chi-squared = 5.35, df = 3, p value = 0.148;
permutation test: Chi-squared = 4.87, df = 3,
p value = 0.181).
Sex ratios
Of the total bigeye threshers recorded, 2664 (47.7 %)
were females and the remaining 2926 (52.3 %) were
males, with some local variability recorded in the sex
Fig. 3 Mean size of bigeye thresher (A. superciliosus) caught in six sampling regions of the Atlantic Ocean during four quarters of the
year. The error bars are ± 1 standard error
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ratios (Fig. 4). Particularly, there seemed to be some
evidence of the presence of more males in coastal
waters off central Africa and in oceanic South Atlantic
waters, while around some islands, such as in the Cape
Verde archipelago, the sex ratio was highly biased
towards the presence of more females (Fig. 4).
When comparing the major regions defined in this
study there were significant differences in the overall
sex ratios (proportion test: Chi-squared: 16.34, df = 5,
p value = 0.006), with most regions having a higher
proportion of males, particularly in the northwest,
northeast and southeast, while in the tropical north
there was a slightly higher proportion of females.
There were also significant differences in sex ratios
among seasons when compared conditionally within
the different regions (CMH test: Chi-
squared = 13.03, df = 3, p value = 0.005). While
females tended to be less frequent than males for all
regions and seasons, a higher proportion of females
were observed during the 2nd quarter of the year in the
northeast and during the 3rd quarter in the southwest.
In contrast, a much lower proportion of females were
observed in the 2nd quarter in the tropical north
compared to a generally higher proportion of females
in this region throughout the rest of the year (Fig. 5a).
In the equatorial region the sex ratios remained
relatively constant throughout the year with values
of approximately 50 % for each sex (Fig. 5a).
Significant differences were also detected in the sex
ratios among sizes tested conditionally within the
different regions (CMH test: Chi-squared = 22.03,
df = 4, p value\0.001). A higher proportion of males
were observed in the larger size classes in the
northeast, southeast and equatorial regions; in the
northwest there was a slight tendency for a higher
proportion of females in the larger size classes, and in
the tropical north and southwest there were more
females in both the smaller and larger size classes
(Fig. 5b). In the tropical north and southwest there
were higher proportions of females both in the smaller
and larger size classes, and more males in the middle
sizes (Fig. 5b). The differences obtained in the overall
Fig. 4 Map of the bigeye
thresher (A. superciliosus)
sex-ratios recorded in
5 9 5 squares during this
study. The circle sizes are
proportional to the sample
size (N) in each square
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sex ratios among regions could be caused by the size
segregation of individuals in those regions.
Median size at maturity
Maturity information was available for 642 speci-
mens, from which 257 were females (232 immature
and 25mature) and 385 were males (157 immature and
228 mature) (Table 1). Sample size of mature females
was thus low. For this reason, maturity ogives and the
clasper length versus FL relationship were calculated
using combined data from all regions.
Estimated maturity ogives were (Fig. 6a):
PLi ¼ 1
1þ e0:06 Li208:64ð Þ for females
and
PLi ¼ 1
1þ e0:07 Li159:24ð Þ for males:
Fig. 5 Sex ratios of bigeye thresher (A. superciliosus) in the six regions of the Atlantic considered for this study, per quarter of the year
(a) and per size class (b). The categorization of size classes was carried out using the 20th percentiles of the size data
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Female bigeye threshers mature at larger sizes than
males (Table 1). Differences between sexes were sig-
nificant as the 95 %CIs of L50 do not overlap. Both sexes
are late maturing, with females maturing at 208.63 cm
FL (79 % of the maximum observed size) and males at
159.24 cm FL (61 % of the maximum observed size).
The largest immature female was 220 cm FL, while the
smallest mature female was 140 cm FL. For males, the
largest immature specimen was 203 cm FL, while the
smallest mature specimen was 130 cm FL.
Table 1 Bigeye thresher (A. superciliosus) observed size ranges and estimated length at 50 % maturity (L50) with 95 % confidence
intervals for males and females obtained in this study
Sex Size range (cm FL) L50 (cm) 95 % CI L50/L
Immature n Mature n LCL UCL
Females 100–220 232 140–264 25 208.6 204.8 212.9 0.79
Males 90–203 157 130–260 228 159.2 156.5 162.0 0.61
LCL is lower confidence limit, UCL is upper confidence limit
Fig. 6 Maturity ogives for
male and female bigeye
thresher (A. superciliosus)
with the mature:immature
ratio by size class (a), and
segmented regression model
between fork length (FL)
and clasper length for male
bigeye threshers (b), fitted
with the sizes grouped into
5 cm classes. In the
segmented model the dot-
dash lines represent the
estimated breakpoints and
the associated dashed lines
their 95 % confidence
intervals
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The claspers of 372 male specimens were measured
and their lengths were plotted against FL (Fig. 6b). A
linear regression fitted the FL versus clasper length data
well (CL = 0.26 FL - 18.97; r2 = 0.96, AIC =
143.38), but the SRM had an even higher coefficient
of determination and lower value of AIC (r2 = 0.99,
AIC = 118.25), indicating a better goodness-of-fit to
the data than the linear regression. Two breakpoints
were estimated for bigeye threshermaleswith theSRM,
resulting in three linear phases such that:
1. CL = 0.03 FL ? 5.06, if FL\ 122.5 cm
2. CL = 0.38 FL - 37.97, if 122.5 B FL B
173.3 cm
3. CL = 0.2 FL – 6.78, if FL[ 173.3 cm
These three linear phases represent the successive
maturity stages effectively modeled by the SRM.
Thus, phase 1 contains the immature sharks charac-
terized by a subtle slope close to zero; phase 2
represents the transitional ‘‘maturing’’ stage with the
steepest slope; and phase 3 presents a flatter slope
containing only the mature specimens.
Litter size, embryonic development and presence
of pregnant females
Overall, 14 pregnant females were recorded, plus two
that showed signs of recent mating but still had no
visible embryos in the uteri. Each of the pregnant
females had two embryos, one in each of the uteri.
The occurrence of pregnant females was recorded
mainly in two regions of the study area, specifically in
the tropical northeast between 1–17N/9–32W, and in
the southwest between 21–36S/30–52W (Fig. 1). In
the tropical northeast Atlantic, the smallest pregnant
female recorded was 210 cm FL, the largest, 240 cm
FL, and the recorded embryos ranged in size between
26 and 90 cm FL. In the southwest Atlantic, the
smallest pregnant female recorded was 209 cm FL, the
largest, 256 cm FL, with the two females that showed
recent signs of mating also recorded in this area
measuring 207 cm FL. In the southwest Atlantic, the
recorded embryos ranged in size between 4 and 73 cm
FL, noting that the embryos measuring 4 cm were
recorded in one female in the early pregnancy stages
with the embryos still encapsulated, in a region closer to
the Uruguayan coast. In terms of embryonic develop-
ment throughout the year, the largest embryos were
recorded in October–November in the tropical
northeast Atlantic and in March in the southwest
Atlantic. Embryos with both the largest and smallest
sizes were observed in the southwest Atlantic inMarch.
Expected distribution of juveniles and adults
Considerable variability was observed in the distribu-
tion of juvenile and adult specimens, when consider-
ing sex, region, and season factors, but in general most
regions and seasons tended to have a high proportion
of juvenile females and adult males (Fig. 7).
The final estimated logistic-binomial GLM consid-
ered the factors sex (deviance explained = 2337.6,
df = 1, p value \0.001), region (deviance ex-
plained = 110.1, df = 5, p value\0.001) and quarter
(deviance explained = 5.6, df = 3, p value = 0.132),
and also the interaction between quarter and region
(likelihood ratio test for nested models: deviance
explained = 95.1, df = 15; p value \0.001). Even
though the variable quarter was not significant in terms
of single effect, the presence of a significant interaction
with region justified having this variable, as well as the
interaction, in the model. In terms of goodness-of-fit, the
final model had aNagelkerke R2 of 0.538 and anAUC of
0.855, with a sensitivity of 72.0 % and a specificity of
90.1 %. The k-fold cross-validation procedure resulted
in a predicted error for new data of 20.9 %.
Compared to the baseline combination (equatorial
region and quarter 1), the odds of capturing juveniles
increased in some area-season combinations, whereas
they decreased in others. Specifically, the odds-ratios
of capturing more juvenile specimens increased sig-
nificantly in the northeast quarter 4, tropical north
quarters 2, 3 and 4, southwest quarters 2 and 3, and
southeast quarters 2, 3 and 4 (Fig. 8). By contrast, the
odds of capturing more juveniles decreased sig-
nificantly in several regions earlier in the year,
specifically in quarter 1 of the northeast, northwest,
southwest and southeast, as well as in the equatorial
region in quarters 2, 3 and 4 (Fig. 8). Additionally, the
odds of capturing juvenile males were substantially
lower (96.3, with 90 % CI varying between 95.7 and
96.8 %) than the odds of capturing juvenile females.
Discussion
Considerable variability was observed in the distribu-
tional patterns and size distribution of bigeye threshers
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along the Atlantic Ocean during the different seasons
of the year. Particular emphasis is given to the tropical
region where the mean sizes tended to be smaller than
in the other Atlantic regions. Pregnant females found
were recorded in the tropical northeast and southwest
Atlantic, with these two regions possibly serving as
nursery areas for this oceanic species.
Differences in the length-frequency distributions
and proportions of juvenile and adult specimens were
found among the regions of the Atlantic Ocean
examined. The most significantly different region
seemed to be the tropical north Atlantic, where
specimens tended to be smaller and the proportion of
juveniles (both males and females) higher throughout
the entire year. It is possible that there are migratory
and habitat segregation patterns by growth stages
between the regions and seasons of the year, with
smaller and younger sharks concentrating pre-
dominantly in the tropical northern region, while the
larger adults prefer the temperate areas of the northern
and southern Atlantic. This could be related to the
migratory routes of this species in the Atlantic, with
the smaller fish present mainly in the tropical north and
then moving to the higher latitudes as they get larger
and older. However, it is important to note that the data
used in our study come from several different fleets,
with different fishing me´tiers that target different
species, and as such the size ranges and abundance
reported by each fleet for each region are also affected
by area availability and fleet selectivity. Additionally,
the temporal overlap of the data from the several fleets
analyzed is limited and may also contribute to some of
the differences found. With regards to the spatial
distribution of the data, and while the observations
reported reflect in part the species spatial dynamics,
there is also some influence from the sampling effort
of each fleet, and therefore the reported data may not
be entirely representative of the prevalence of the
species at each location.
The maximum sizes observed in our sample of
305 cm FL for males and 300 cm FL for females
(504 cm TL for males and 496 cm TL for females,
after conversion), were higher than those reported in
the literature. For the northeast Atlantic 484 cmTLhas
Fig. 7 Proportion of juvenile bigeye thresher (A. superciliosus) caught in the six sampling regions of the Atlantic Ocean in each quarter
of the year. The error bars are ± 1 standard error
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been reported (Thorpe 1997), for the northwest Pacific
357 cm TL for males and 422 cm TL for females (Liu
et al. 1998), and for the northeast Atlantic 410 cm TL
for males and 461 cm TL for females (Moreno and
Moro´n 1992). Additionally, the smallest specimens in
our sample were 126 cm TL, slightly lower than the
size at birth of 135–140 cmTL suggested byChen et al.
(1997) for the northwest Pacific, and within the
Fig. 8 Odds ratios (with 90 % confidence intervals) of
capturing juvenile [\159.2 cm fork length (FL) for males
and\208.6 cm FL for females] bigeye thresher (A.
superciliosus) in each of multiple region:quarter combinations,
as well as for the single effect for sex. The x-axis is in a base 10
logarithm scale
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100–140 cm TL suggested by Compagno et al. (2005)
for the species globally. This indicates that the sample
in our study covered most of the size range of the
species. However, a very low prevalence of the smaller
size classes, particularly specimens\150 cm FL, was
apparent in our study inmost of the regions. Thismight
be related to the fact that the fleets analyzed operate
mainly in oceanic waters, while the smaller sized
specimens may be occurring in other regions not
covered in our study, such as more coastal areas where
they would be accessible and taken by coastal fleets
operating with other fishing gears such as coastal nets
and longlines. Another possible hypothesis is that the
lack of smaller sized specimens may be related to
fishing gear selectivity, but given that bigeye threshers
are born at relatively large sizes, if those smaller
specimens were present in oceanic waters they would
likely also be captured by pelagic longlines. As such,
the hypothesis of a life history cycle with the occur-
rence of smaller specimens in more coastal areas and
larger specimens in more oceanic waters is likely for
the bigeye thresher.
As documented for many other shark species
(Corte´s 2000), the estimated median size at maturity
was significantly higher for females (208.6 cm FL,
349.1 cm TL) than males (159.7 cm FL, 269.8 cm
TL). Although the number of mature females recorded
in the present study was low, these values for the
bigeye thresher in the Atlantic are very close to the
sizes at first maturity reported by Moreno and Moro´n
(1992) for the northeast Atlantic (from Cape Sa˜o
Vicente to the Ivory Coast) and west Mediterranean
(340 cm TL for females and 270 cm TL for males, or
200.2 cm FL and 159.9 cm FL respectively). In
Taiwanese waters, Chen et al. (1997) reported median
sizes at maturity of 336.3 cm TL (estimated 198.2 cm
FL) for females and 279 cm TL (estimated 165.2 cm
FL) for males, values which are just slightly lower and
higher than ours for females and males, respectively.
For the northwest Atlantic, Stillwell and Casey (1976)
suggested 350 cm TL (estimated 206 cm FL) as size at
first maturity for females and 295 cm TL (estimated
174.3 cm FL) for males, values almost identical to
ours for females and a little higher for males.
Significant differences between median sizes at ma-
turity have also been reported for the common thresher
(A. vulpinus) in the north Atlantic, with 216 cm FL for
females and 188 cm FL for males (Natanson and
Gervelis 2013) (Table 2).
The SRM of male size versus clasper length
predicted that the onset of maturity in male bigeye
threshers starts at ca. 122.5 cm FL (first breakpoint)
and that all males in the population are mature at ca.
173.3 cm FL (second breakpoint). The fact that the
median size at maturity estimated through the maturity
ogive (L50 = 159.2 cm FL) is included between the
two breakpoints of the regression, seems to support the
effectiveness of this method. Furthermore, other
authors have used this approach as it provides an
objective and direct estimate of the maturity stages of
male elasmobranchs (using only clasper measure-
ments) instead of relying on a subjective classification
which depends on the observer’s ability and may vary
between different observers (Segura et al. 2013). In
addition, it is a non-invasive method and can be
applied to existent common fisheries data (Segura
et al. 2013).
The estimated median size at maturity occurs at ca.
79 % of themaximum observed size for bigeye thresher
females and 61 % formales. After examining 164 shark
species, Corte´s (2000) concluded that on average shark
size-at-maturity takes place at about 75 % of the
maximum observed size. Thus, the values presented
here follow this general trend, although our male
estimation is a slightly lower than the average.
Furthermore, it has been documented that the ratio of
size at maturity and maximum observed length (L50/
Lmax) ranges from 0.5 to 0.95 for sharks, with most
being between 0.65 and 0.8 (e.g. Joung and Chen 1995).
The ratios obtained in the present study are comparable
to the values of 0.77 and 0.67 for females and males,
respectively, obtained by Moreno and Moro´n (1992).
Stillwell and Casey (1976) reported a similar ratio to
ours (0.77 vs. 0.79) for females in the northwestern
Atlantic but a higher value for males (0.79 vs. 0.61). In
the Pacific Ocean, Chen et al. (1997) suggested an
identical ratio to ours for females (0.79) and higher
value for males (0.78). Following the same trend of this
study, ratios of 0.8 and 0.7 were estimated in the north
Atlantic for female and male shortfin mako, also a
Lamniform species (Natanson et al. 2006). Joung and
Chen (1995) proposed three stages of maturity based on
the L50/Lmax ratio: 1 = early maturity (L50/
Lmax\ 0.65), 2 = standard maturity (0.65\L50/
Lmax\ 0.8), and 3 = late maturity (L50/Lmax[ 0.8).
The bigeye thresher can thus be considered to follow a
standard maturity pattern, with females tending toward
late maturity and males tending toward early maturity.
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The fitted logistic-binomial GLM had a high
goodness-of-fit with relatively high r2 and AUC
values, and the cross-validation procedure resulted in
a low misclassification error rate. Values of AUC
between 0.8 and 0.9, which is the case in the present
study, are considered excellent (Hosmer and Leme-
show 2000), and as such the statistics indicate the
model fits the data very well, with the model having
the capacity to correctly predict the capture of
juveniles in 72.0 % of the cases, while at the same
time it correctly predicts the capture of adults in
90.1 % of the cases. The cross-validation misclassi-
fication error rate was estimated at 20.9 %, which also
seems very reasonable, meaning that most of the time
the model correctly discriminated between the capture
of juvenile versus adult specimens under the analyzed
variables. One advantage of this model that covered a
wide area of the Atlantic is that it provides a very
general overview in terms of large-scale oceanic areas,
but loses some detail in specific regions and seasons.
As such, this model and odds-ratios outputs should be
regarded mainly as general values in the context of
these large-scale oceanic areas, bearing in mind that
exceptions are very likely to occur in specific and
smaller-scale areas. The tropical north region seemed
to differ from the remaining areas because in most
seasons the odds of capturing more juveniles than
adults increased significantly. Similarly, in some of
the other regions there were also increased odds of
capturing more juveniles, but those were dependent on
specific seasons, as for example in the southwest and
southwest region in the 3rd quarter.
Moreno and Moro´n (1992) suggested the existence
of a nursery area for this species off the Southwestern
Iberian Peninsula in the northeast Atlantic, based on
the records of several pregnant females. After our
study, we hypothesize that such an area may exist and
possibly extends further south, into the tropical
northeast Atlantic and equatorial waters closer to the
African continent. This seems to be validated by the
fact that smaller andmainly juvenile specimens tended
to be captured in the tropical northeast and equatorial
waters, as well as pregnant females both in mid- and
late-term stages (stages 5-differentiating and 6-ex-
pecting). Additionally, the tropical northwestern At-
lantic, particularly in areas closer to the Caribbean Sea
and Florida, may also serve as a nursery as some very
small specimens [within the range of sizes at birth
described by Chen et al. (1997) and Compagno et al.
(2005)] were captured, added to the fact that a
previous study (Gilmore 1983) reported embryos
dissected from pregnant females caught off Florida.
Finally, another cluster of pregnant females was
recorded in the southwest Atlantic, some close to the
Rio Grande Rise and a few inside the Uruguayan EEZ,
suggesting these areas may also be nurseries for this
species in the south Atlantic. In the South Atlantic, a
previous study by Amorim et al. (1998) had also
reported the presence of pregnant females and
analyzed their embryos. We can thus hypothesize that
Table 2 Summary of thresher shark (genus Alopias) size at maturity previously reported in the literature, with a comparison to the
estimates presented in this study
Size at maturity (TL, cm) Region Species
Males Females
Current studya,b 269.8 349.1 Atlantic A. superciliosus
Moreno and Moro´n (1992)c 270 340 NE Atlantic and Mediterranean A. superciliosus
Chen et al. (1997)b 270–288 332–341 NW Pacific A. superciliosus
Stillwell and Casey (1976)c 295 350 NW Atlantic A. superciliosus
Cailliet and Bedford (1983) 333 260–315 NE Pacific A. vulpinus
Smith et al. (2008a)b 293–311 303 Pacific A. vulpinus
Natanson and Gervelis (2013)a,b 333 386 NW Atlantic A. vulpinus
Liu et al. (1999)b 267–276 282–292 NW Pacific A. pelagicus
a Studies that reported the estimates in fork length (FL) and were converted to total length (TL) to facilitate comparison
b Studies that reported median size at maturity
c Studies that reported size at first maturity from observational data
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at least those areas may constitute a nursery for the
bigeye thresher, but we cannot exclude the possibility
of other nurseries in the Atlantic. In some cases we
have size observations but lack reproductive data, as
the observations used in this study depend on the
specific objectives of the projects and programs
collecting the data. Furthermore, while the geo-
graphical coverage of our study is wide, there are
areas not covered and we cannot exclude the possi-
bility of the presence of pregnant females and small
juveniles in those areas.
Compared to most other shark species, threshers
have very limited fecundity (Snelson et al. 2008). Both
the bigeye and pelagic thresher typically have two pups
per litter, although litters varying between one and four
have been reported (Moreno andMoro´n 1992; Liu et al.
1999; Compagno 2001). In the common thresher the
most common liter sizes vary between two and four but
as many as seven have been reported (Moreno et al.
1989; Compagno 2001). In terms of embryo develop-
ment and reproductive seasonality, the presence of the
largest embryos (closer to the size at birth) in October/
November in the northeast Atlantic and inMarch in the
southwest Atlantic, seem to suggest that birth may be
taking place during late summer and autumn in both
hemispheres, and corroborates what has been previ-
ously suggested for both regions, particularly by
Moreno and Moro´n (1992) for the northeast and
Amorim et al. (1998) for the southwest Atlantic. In
contrast, in the Pacific Ocean Matsunaga and Yokawa
(2013) reported that neonates (\80 cm pre-caudal
length) were caught mainly during winter and spring in
an area between 10 and 15N, which suggests a
different seasonality for the reproductive cycle and
birth season in that ocean. Our study in the Atlantic
Oceanwas comprehensive, butwe note that the capture
of pregnant females of this species by pelagic longlin-
ers is relatively rare (as noted previously by Moreno
and Moro´n 1992), and not all the sampling programs
participating in this study record these observations. In
some periods, namely during March in the southwest
Atlantic, embryos of different sizes were recorded that
included both the smallest and the largest in the region.
As such, our reported embryo development and
reproductive seasonality should be viewed as hypothe-
ses requiring further investigation.
All thresher sharks are listed as ‘‘Vulnerable’’
globally by the IUCN and are known to have vulnerable
life history parameters, resulting in a low capacity to
recover even from moderate levels of exploitation
(Amorim et al. 2009). The size at maturity obtained in
the present study reinforces that the bigeye thresher
reachesmaturity at a larger size than the other species of
the Alopiidae family, as stated by Smith et al. (2008a).
Assuming that age at maturity is also reached at a later
age (Fernandez-Carvalho et al. 2011), and considering
the very limited fecundity, the reproductive potential of
the bigeye thresher is suggested to be very low when
compared to other sharks more prevalent in the
epipelagic-oceanic areas. The distributional patterns
of sizes and maturity stages in the six regions during
different seasons of the year can now be used to better
inform future management decisions and conservation
initiatives for this species in the Atlantic Ocean.
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